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Abstract 
The amounts of extracted water, nitric acid and uranyl nitrate by organic phases of 0.5 mol.L-1 N,N-di-
(ethylhexyl)isobutyramide (DEHiBA) in heptane have been measured experimentally. With the aim of investigating the 
influence of the solutes on the aggregation in these organic phases, Vapor Pressure Osmometry (VPO) and Small Angle X-
rays Scattering (SAXS) measurements were carried out. The extraction of the different solutes promotes the aggregation in 
the order water < nitric acid < uranyl nitrate. Water extraction according to water activity seems to indicate the absence of 
chemical association between water and DEHiBA. The presence of nitric acid leads to the formation of small aggregates 
while uranyl extraction increases the organization of the organic solutions. This study is the first step to understand and 
quantify aggregation phenomenon in monoamide organic phases after solute extraction, which could explain the particular 
physical chemical behavior of such systems. 
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1. Introduction 
The French Atomic Energy and alternative energies commission (CEA) is currently developing processes to 
prevent future needs in the treatment of spent nuclear fuel. The selective recovery of actinides from liquid nuclear 
waste by liquid-liquid extraction is one of the issues of the research and development on new processes. The 
GANEX process developed by the CEA [1], consists of a "Grouped ActiNides EXtraction" in two steps, the first 
one is the selective recovery of uranium which can be achieved using specific monoamide molecules. The N,N-
di-(2-ethylhexyl)isobutyramide (DEHiBA – Fig. 1) has been chosen for this step. 
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Fig. 1. Structure of DEHiBA 
To develop a process, comprehensive studies are needed. Up to now, molecular speciation studies showed the 
formation of a unique complex HNO3L for nitric acid extraction and UO2(NO3)2L2 for uranyl nitrate extraction, 
where L is a monoamide.  
To supplement these studies, and to explain the particular physical chemical behavior with the chemical 
conditions [2], supramolecular speciation was performed in organic solutions. This paper deals with the effect of 
the nature of the extracted solute (water, nitric acid or uranyl nitrate) on the organization of the organic solution 
of DEHiBA in alkane diluent. 
2. Experimental and procedure 
2.1. Reagents 
DEHiBA was purchased from Pharmasynthese (purity > 99%) and used as received while nitric acid, lithium 
chloride, lithium nitrate and heptane were purchased from Aldrich. Uranyl nitrate was obtained from Prolabo in 
hexahydrated solid state UO2(NO3)2, 6H2O and dissolved into suitable LiNO3 solutions. 
2.2. Liquid-liquid extraction 
Suitable volumes of DEHiBA at a concentration of 0.5 mol.L-1 in n-heptane were contacted with different 
aqueous phases at 298 K (Vorg/Vaq). After equilibration, the solutions were centrifugated and then separated for 
titration and analytical procedures. 
2.3. Titration of solutes 
Water concentrations in organic phases were determined using Karl Fischer titration method. Nitric acid 
concentrations were measured by potentiometric titration. Uranyl concentrations were determined using X-ray 
fluorescence technique. Samples were diluted in 1 mol.L-1 nitric acid for aqueous phases and in 1 mol.L-1 
DEHiBA for organic phases. 
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2.4. Vapor pressure osmometry (VPO) 
The VPO measurements of the organic phases were performed at 298 K, with n-heptane as the diluent and 
using a Knauer K-7000 vapor pressure osmometer. The calibration of the osmometer was carried out using 
trioctylamine (TOA) as monomeric standard. The results provided a linear relationship between the measured 
signal (mV) and the mole fraction of the solute. The resulting slope value (K = 3145) was used to calculate the 
average aggregation number [3]. The uncertainty was estimated to be about ± 10%. 
2.5. Small Angle X-ray Scattering (SAXS) 
Small angle X-ray scattering (SAXS) measurements using Mo-radiation (Ȝ = 0.71 Å) were performed on a 
bench built by XENOCS. The scattered beam was recorded using a large online scanner detector (diameter: 345 
mm, from MAR Research) located at 750 mm from the sample stage. The scattered intensities were expressed 
versus the magnitude of scattering vector q = [(4ʌ)/Ȝ] sin(ș/2), where Ȝ is the wavelength of incident radiation 
and ș is the scattering angle. A large q range (2.10-2 to 2.5 Å-1) was covered thanks to an off-center detection. 
Preanalysis of data was performed using the FIT2D software, taking into account the electronic background of 
the detector (the flat field is homogeneous) and the empty cell subtraction. Silver behenate in a sealed capillary 
was used as the scattering vector calibration standard. 
Quantitative analysis of SAXS data was performed by separated modelling of the form factor P(q) and the 
structure factor S(q) for all scattering objects present, i.e. the extractant molecular aggregates, composed of 
spherical particles interacting according to a sticky hard sphere potential [4-5]. 
Water molecule, uranyl nitrate and the amide group (O=C-N) were considered as the polar core of the 
aggregate. The aggregation number N, the concentration of the monomers in the organic phase and the U/kT ratio 
are the modelling parameters used to fit the SAXS spectra. Modelling of the SAXS spectra was also performed to 
fit the average aggregation number n  obtained from VPO measurements. 
3. Results and discussion 
3.1. Water extraction 
The extraction of water by 0.5 mol.L-1 DEHiBA in heptane was investigated by varying the water activity of 
the aqueous phase from 0.2 to 1 using lithium chloride as salting-out agent. The dependency of the concentration 
of the extracted water with the water activity is linear (see Fig. 2), indicating that the water organic concentration 
follows Henry's law, i.e. there are no interactions between water and the extractant, meaning that the extractant is 
only under monomeric form [6-7]. 
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Fig. 2. Water concentration in DEHiBA 0.5M organic phase at 298 K plotted vs. water activity of the aqueous phase. 
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This behavior is confirmed by the VPO measurement of 0.5 mol.L-1 DEHiBA  solution after equilibration with 
pure water (Fig. 3a) (average aggregation number n close to 1) and by the SAXS analysis of the solution (Fig. 
3b) (low intensity at low q). 
 
3.2. Nitric acid extraction 
The nitric acid extraction and the co-extracted water by the 0.5 mol.L-1 DEHiBA in heptane at 298 K (Table 1) 
was quantified. While nitric acid extraction is progressive with increasing nitric acid concentration in aqueous 
phase, the concentration of co-extracted water goes through a maximum around [HNO3]aq,eq = 3 mol.L-1 and then 
decreases, as observed by Dannus [6] and Pathak et al. [8]. The formation of a major species extracting less water 
than at the bottom of the isotherm, or a change in the organization of the solution, could explain this 
phenomenon. 
Table 1. Extraction data of nitric acid and co-extracted water by 0.5M DEHiBA  in heptane at 298 K. 
[DEHiBA]ini (mol/L) [HNO3]aq eq (mol/L) [HNO3]org (mol/L) [H2O]org (mol/L)  n  (VPO) 
0.5 1.010 0.027 0.021 1.16 
0.5 1.982 0.097 0.034 1.33 
0.5 2.950 0.199 0.043 1.51 
0.5 3.931 0.310 0.041 1.63 
0.5 4.920 0.385 0.031 1.72 
 
To examine this hypothesis, organic phases were analyzed by VPO (Fig. 3a) and SAXS (Fig. 3b) experiments. 
 
 
Fig. 3. (a) Variation of the average aggregation number with extracted nitric acid in 0.5M DEHiBA in heptane at 298 K. ;  
(b) SAXS spectra of organic phases of  0.5M DEHiBA in heptane after nitric acid extraction at 298 K. 
The average aggregation number of 0.5 mol.L-1 DEHiBA solution in heptane increases from 1 in presence of 
water to 1.7 in presence of 5 mol.L-1 nitric acid aqueous phase. The formation of bigger scattering objects with 
increasing organic acid concentration is qualitatively confirmed by SAXS spectra by the rise of the signal at low 
q (< 0.4 Å-1). The extraction of nitric acid leads to the formation of small objects containing more than one 
extractant molecule. Quantitative analysis of the data is currently in progress. 
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3.3. Uranyl nitrate extraction 
The amount of extracted uranyl nitrate and water by 0.5 mol.L-1 DEHiBA in heptane has been measured 
(Table 2). The amount of water decreases when uranyl nitrate is extracted into the organic phase. The 
aggregation of these solutions has been characterized by VPO (Fig. 4a) and SAXS measurements (Fig. 4b). 
Table 1. Concentrations of uranyl nitrate and water extracted by 0.5M DEHiBA in heptane at 298 K and results from analysis of 
VPO and SAXS data. 
DEHiBA  
(mol/L) 
[U]aq eq  
(mol/L) 
[U]org  
(mol/L) 
[H2O]org  
(mol/L) 
n   
(VPO) 
N aggregate 
(SAXS) 
[Monomer]  
(mol/L ; SAXS) 
U/kT 
(SAXS) 
0.5 0.175 0.125 0.019 1.8 2.5 0.14 -1.62 
0.5 0.329 0.171 0.015 2.0 2.5 0.1 -1.62 
0.5 0.595 0.207 0.013 2.5 3.1 0.06 -1.62 
0.5 0.784 0.216 0.013 2.7 3.2 0.04 -1.65 
0.5 1.266 0.234 0.012 3.3 4 0.03 -1.69 
 
 
Fig. 4. (a) Variation of the average aggregation number vs. organic uranyl nitrate concentration for 0.5M DEHiBA in heptane at 298K ;  
(b) SAXS spectra of organic solutions of 0.5M DEHiBA in heptane after uranyl nitrate extraction at 298K. 
An increase in the average aggregation number up to 3.3 is observed by VPO analysis after uranyl nitrate 
extraction in organic phases. 
SAXS spectra show an important increase of the intensity at low q, much more than for nitric acid extraction 
(Fig. 4b). Quantitative analysis of the spectra is presented in Table 2.  
The shape of the SAXS spectra with uranyl indicates a very important organization of the organic phases due 
to the presence of uranyl nitrate (until Nagg = 4, see Table 2). 
From this results, it appears that the aggregation in organic phases of DEHiBA is favored by the presence of 
solutes in the following order: H2O < HNO3 < UO2(NO3)2. 
4. Conclusion 
Extraction of water, nitric acid, and uranyl by 0.5 mol.L-1 DEHiBA in heptane has been quantified. The 
supramolecular organization of the organic solutions was investigated by VPO and SAXS techniques. After 
water extraction, organic solutions seem to have an ideal behavior. After nitric acid extraction, complexes are 
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formed and lead to the presence of small aggregates. After uranyl nitrate extraction, new species are formed, 
including the formation of well-structured aggregates.  
The presence of extracted solutes favoured the organization and the structuring of the organic solutions 
following the order H2O < HNO3 < UO2(NO3)2. 
Further studies are currently in progress to have a better qualitative and quantitative representation of organic 
phases containing water, nitric acid and/or uranyl nitrate, using especially quantum chemistry, molecular 
dynamic simulations and EXAFS spectroscopy. A work is also made to improve modelling of SAXS spectra. 
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